Abstract. In the plasma scenarios currently envisaged for ITER, edge localized modes (ELMs) are a critical issue for the wall lifetime of ITER. However, a promising technique as been found to mitigate ELMs: the application of resonant magnetic perturbations (RMPs) at the plasma edge. These introduce a complex magnetic field structure in the plasma edge, affecting also plasma transport. So far, numerical models for edge plasma transport in ELM control scenarios at DIII-D include only averaged effects of RMPs or include only heat transport. Our approach includes a self-consistent fluid treatment of particle, parallel momentum and energy transport as well as kinetic neutral production and transport. This model is implemented in the EMC3-EIRENE code which is a powerful tool to investigate 3D effects of RMPs on edge transport. In the present paper we apply the EMC3-EIRENE code to conditions at the DIII-D tokamak in the presence of RMPs. We demonstrate that the magnetic field structure is reflected in the plasma structure as well, in particular we investigate the pattern of particle and heat loads on the divertor target and a 3D modulation of plasma parameter in the X-point region and near the midplane on the high field side (HFS). These findings are consistent with earlier heat transport modeling results at DIII-D as well as observations and modeling results at TEXTOR.
Introduction
Presently, ITER relevant plasma scenarios are investigated at the DIII-D tokamak and also at other fusion devices. In these high-confinement (H-mode) plasmas an instability -so called edge localized mode (ELM) [1] -occurs naturally at the plasma edge, leading to high transient heat loads to the first wall and the divertor targets. Extrapolations to ITER relevant power levels indicate that this will lead to a significant reduction of ITER wall lifetime [2] . A promising technique to control ELMs is the application of resonant magnetic perturbations (RMPs) at the plasma edge, as successfully demonstrated at DIII-D [3, 4] and JET [5] . Recently, RMPs are under consideration for ELM mitigation in ITER.
Following earlier experiments at Tore-Supra [6, 7] , RMP coils have also been installed in various other tokamaks such as TEXTOR and DIII-D, in order to actively control particle and heat transport. Modeling of the perturbed magnetic field structure in the so called vacuum approach suggests the formation of an open chaotic system at the plasma edge with remanent magnetic island chains, partially ergodic domains and short magnetic flux tubes. (figure 1). However, the detailed resulting impact of such a complex magnetic field structure on plasma transport is still ongoing research. In particular the impact on the pressure gradient in the edge transport barrier is of great interest, because this is correlated with the stabilization of peeling-balloning MHD modes considered as the cause of ELMs [8] . In present edge transport models for RMP ELM control scenarios [9, 10] only the magnetic flux surface averaged effects of RMPs are considered. There is, however, strong experimental evidence, e.g. at the TEXTOR [11, 12] and DIII-D tokamaks [13] , that the structure of the 3D magnetic field topology is reflected on the plasma structure as well. The EMC3-EIRENE code [14, 15, 16, 17 ] is a powerful tool to investigate such 3D effects on edge transport, not only in stellarators but also in limiter tokamaks [18, 19, 20] , the ITER-startup-limiter configuration [21] and recently in poloidally diverted tokamaks [22] . A self-consistent fluid treatment of particle, parallel momentum and electron and ion energy transport is included as well as kinetic neutral production and transport.
In order to develop a reliable 3D edge modeling tool to enable predictions for future fusion devices, the code needs to be validatd with observations at present, ITER relevant experiments such as DIII-D. For this the EMC3-EIRENE code has been advanced to magnetic field configurations with arbitrary geometry and in particular to poloidal divertor geometry [22] . In the present paper we apply the EMC3-EIRENE code to conditions at the DIII-D tokamak, simulating the 3D effects of an RMP field with toroidal mode number n = 3 on an ITER similar shape plasma. We demonstrate that the magnetic field structure is reflected in the plasma structure as well, leading to a significant 3D modulation of parma parameter.
The structure of this paper is as follows: First, in section 2 we give an overview on the magnetic field structure used for the transport studies later in this paper. Then in section 3 we briefly introduce the 3D edge transport model used for our analysis. In section 4 we analyze 3D volume effects of RMPs on plasma transport. In particular we investigate the impact of helical magnetic lobes and short magnetic flux tubes. In addition we investigate the imprints of particle and heat fluxes on the divertor target in the presence of RMPs in section 5. The influence of anomalous cross-field transport is investigated and the modeled imprint pattern compared to experimental observations. The main results are summarized in the conclusions 6.
Magnetic Field Structure
In the following we consider an ITER similar shape (ISS) plasma at DIII-D with elongation κ = 1.8 and triangularityδ = 1 2 (δ u +δ d ) = 0.53. The RMP field is generated by the I-coils powered by I c = 4 kA while error fields due to coil misalignements and error field correction by the C-coils are neglected. The resulting magnetic field structure is analyzed in the so called vaccuum approach, i.e. by taking an axisymmetric MHD equilibrium from the EFIT code [23] and superimposing the 3D vacuum field of the perturbation coils. The magnetic field structure is visualized in figure 1 by the wall-to-wall connection length L c of field lines and by so called Poincaré-plots, i.e. piercing points of field lines with a reference plane. The complex field structure includes magnetic island chains, partially ergodic domains (yellow, red and white regions with scattered black dots in figure 1 .a-c), short magnetic fluxtubes (L c 200 m, blue region in figure 1 .a-c) and helical magnetic lobes guiding field lines from inside the separatrix to the divertor targets, thereby creating a helical striation pattern on targets (figure 1.d) [13, 24, 25] . These helical lobes extend into the regular Scrape-Off Layer (SOL) and are formed by the separatrix manifolds [26] , also known as homoclinic tangles in perturbed nonlinear dynamical systems [27, p. 222 ]. In the following we investigate the effects of such a magnetic field structure on plasma transport.
3D transport model for the edge plasma
In the present edge plasma model we use a prescribed magnetic field structure as input for the 3D edge transport code EMC3-EIRENE. The code applies a reversible field line mapping technique [28] for a fast and accurate reconstruction of magnetic field lines from a field aligned grid. This technique has been advanced from regular structured to block-structured grids in order to allow simulation domains with nonsimple shape, such as the edge plasma in poloidally diverted tokamaks [22] . Field lines are used to define a field aligned coordinate system in which the fast parallel transport is decoupled from the small cross-field transport.
The EMC3-EIRENE code solves a set of steady state fluid equations in a 3D space of arbitrary magnetic field geometry. Balance equations for density n, parallel momentum u and energy for electrons and ions T e and T i , respectively, read:
where e is the unit vector in diretion of the magnetic field, I ⊥ = I − e e with the unit tensor I and p = n (T e + T i ). For the parallel transport coefficients η, κ e , κ i the classical Braginskii [29] model is assumed, while anomalous cross-field transport is taken into account by free model parameters D, χ e , χ i .
The EMC3 code [14, 15, 16] applies a Monte Carlo method [16] to solve these equations for the edge plasma. Interactions with neutral particles are taken into account by sources (or sinks) in the balance equations S p , S m , S ee and S ei , which are calculated by the kinetic neutral transport code EIRENE [17] . An iterative procedure is applied to obtain a self-consistend solution for all plasma parameters.
3D effects on plasma transport
In this section we analyze the 3D effects of RMPs on plasma transport as introduced by the magnetic field structure from figure 1. Boundary conditions at the inner simulation boundary (ψ * ≈ 0.77) were set to n in = 1.2 · 10 19 m −3 and P in = 0.9 MW which corresponds to actual experimental values observed during the L-mode phase in DIII-D discharge 132731. The complex magnetic field structure already suggests that a 3D modulation is also present in the plasma structure. The strong modulation of the complete edge plasma is demonstrated in figure 2 for the electron density n e and electron temperature T e by 2D cuts at a reference plane ϕ = 0 deg. Clearly, the structure of the magnetic topology (figure 1.a) is reflected in the plasma. Here we want to investigate the 3D modulation in more detail, in particular the effects of short magnetic flux tubes in the X-point region (section 4.2) and helical magnetic lobes at the HFS midplane (section 4.1).
Helical magnetic lobes
In the presence of RMPs an intermediate layer between confined plasma and the regular SOL exists. In this layer field lines have a finite but not too short connection length of the order L c = 200 − 300 m (green -orange region in figure 1.b) . This layer is bounded by the separatrix manifolds in the form of helical magnetic lobes which extend into the SOL. The helical nature of this boundary is most pronounced in the Xpoint region (figure 1.c), but also clearly visible on the high field side (HFS) midplane ( figure 1.b) . With the EMC3-EIRENE code it is possible to investigate the detailed effects of this structure on the plasma. It is demonstrated in figure 3 and 4 that the structure of these magnetic lobes emerges also in the modeled n e and T e . These figures show 3D visualizations of n e and T e by means of selected 2D cuts (rainbow coloured) and iso-parametric surfaces (blue shaded). In particular the n e,1 = 4.5 · 10 19 m −3 and T e,1 = 60 eV surfaces reflect very well the structure of the helical magnetic lobes.
Hence, the midplane profiles of plasma parameter depend strongly on the toroidal position. Profiles of n e and T e are extracted in figure 5 at ϕ 1 = −10 deg (red solid line) and ϕ 2 = 50 deg (blue solid line) and compared to the corresponding connection length (dashed lines). It can be seen that n e and T e in the magnetic lobes outside the separatrix (at R = 108 cm, index L) is increased with respect to a toroidal position where no such lobe is present (index R):
T e,L = 68 eV T e,R = 37 eV which is an increase by 45 % for n e and 84 % for T e . This behavior was also observed in simulations of limiter RMP scenarios at TEXTOR and DIII-D [30] . As the toroidal position of diagnostic equipment in the experiment is fixed, direct comparison to experimental observations remains challenging. However, with a new RMP coil set proposed for DIII-D, it is possible to smoothly rotate the RMP field and hence the magnetic field structure in front of the diagnostics. 
Short magnetic flux tubes
A mesh of short magnetic flux tubes, i.e. field line bundles with short connection length L c ≈ 100 m, exists inside the separatrix (figure 1.c). These short flux tubes are suspected to act as an additional scrape-off layer (SOL) and hence, as a sink for the plasma [31] which is supported by modeling and experimental observations at the TEXTOR tokamak [32, 11, 12] . In figure 6 profiles of n e and T e on the ψ * = 0.99-surface are shown and compared to the connection length of field lines. A strong modulation of n e and T e between short flux tubes (index F ) and long field lines (index L) is found. Average peak an minimum values are: T e,F = 86 eV T e,L = 95 eV which corresponds to a density reduction of 24 % and a temperature reduction of 10 %. This is in qualitative agreement with experimental observations and modeling at the TEXTOR tokamak [11, 12] , even the more pronounced effect on n e . These findings suggests that short flux tubes act like an additional SOL. From figure 1.c it seems that flux tubes have a well-formed cross-section of about 1 cm × 1 cm and thus, can be described by a 1D SOL model. However, when tracing this cross-section along the flux tube to the divertor plates (figure 7, here only in positive direction), a strong deformation of the shape occurs just after one toroidal turn. The flux tube gets stretched in one direction to more than 30 cm while in the other direction it is compressed to less than 1 mm, which results from a conservation of toroidal flux in the tube as it connect to different radial positions. After a few toroidal turns the streching relaxes again, but then the flux tube is folded into U-shape after a full poloidal turn. In the end this U-shape is stretched again so that the flux tubes leaves an expanded footprint of ∆ϑ = 120 deg in toroidal direction on the inner strike point. This shape-analysis already suggest that it is not sufficient to put a 1D transport model ontop of these 3D flux tubes. We will demonstrate this now by comparing profiles of n e , T e and mach number M along this flux tube to a 1D sheath-limited SOL model [33] . Let x ∈ [−L, L] denote the coordinate along the flux tube with connection length 2L, then the isothermal fluid model is:
T ( with free model parameters n 0 , T 0 at the upstream position and uniformly distributed sources. Figure 8 shows n e , T e and M profiles along 4 selected field lines L 1 . . . L 4 and an averaged value for the flux tube (blue line). Obviously, the 1D isothermal fluid model (green line) does not reproduce the plasma paremeters in this 3D magnetic flux tube. In particular T e = const along the flux tube is not observed: the upstream value of T e = 85 eV drops to T e = 51 at the target. A conductionlimited SOL model on the other hand is also not applicable, because we have M = 0 throughout the flux tube.
The density, on the other hand, increases from an upstream value of n e = 0.5 · 10 19 m −3 to n e ≈ 1.0 · 10 19 m −3 at the outer strike point, while it is only slightly increased at the inner strike point. In general, n e and T e profiles bear resemblance to a high-recycling flux tube, however, the strong modulations in M indicates that 3D transport effects are important. In any case, sources are not uniformly distributed along the flux tube. These are due to diffusion from long field lines into the flux tube, but also due to ionization of neutrals. Let us assume for simplicity that the former are proportional to the flux tube surface per toroidal angle A(ϕ), then n e and M in the isothermal fluid model are still determined by (4)- (5), however withŷ replaced bŷ
The modified mach number profile is shown in figure 8 by a red dashed line. This correction slightly changes the M profile, however, it can not explain the results from 3D modeling. Certainly, the source distribution is more complex when considering 3D transport effects. In particular momentum sources/sinks need to be included in the balance equations. From (4)-(5) with particle sources only it is not possible to obtain a flow reversal and an increase of n e in front of the target. Our 3D edge model includes transport and ionization of neutrals. The resulting effects on the plasma included in 1) by particle, momentum and energy sources S p , S m and S ee , S ei , respectively. S p and S m along the flux tube are shown in figure 9 . Obviously, neutral particles penetrate into the upstream region of the flux tube and contribute to particle and momentum sources for the plasma. The penetration of neutrals depends on local plasma parameter, and hence, it is an intrinsic 3D transport problem. In conclusion, it is not sufficient to put a 1D transport model ontop of a 3D magnetic geometry, not even for rather simple magnetic flux tubes.
Imprint on the divertor wall
The magnetic footprint in the presence of RMP fields splits into a characteristic striation pattern (figure 1.d). Particle and heat fluxes to the wall are guided by the underlaying magnetic topology. Hence, a similar striation pattern is expected also for particle and heat flux. These imprints, however, depend on the transport characteristics in the very complex 3D plasma edge and in particular on the level of cross-field transport. The anomalous transport coefficients D, χ ⊥ are a priori unkown and hence, are free parameters in our model. Therefore we will give a rough estimate of the correct cross-field transport level in section 5.1 before we turn to a direct comparison to experimental observations in secion 5.2.
Estimation of cross-field transport
In order to estimate the correct level of cross-field transport we perform three independent simulations with D . Such a distinct striation pattern is observerd in the experiment [24, 13] for the particle flux. Hence, D ⊥,2 provides an upper limit for the free model parameter for cross-field diffusion as such a blurred pattern of over up to 15 cm along the wall, as emerges with D ⊥,1 , is not observed experimentally. Remarkably, only very weak striation patterns are observed for the heat flux in low density RMP experiments such as DIII-D discharges 122342 and 132731 [34] while heat flux splitting is observed in high density DIII-D RMP experiments [35] . The peak heat flux is located just at the strike point, consistent with low values of χ ⊥,e , χ ⊥,i . The presence of a clear striation pattern in the corresponding simulation results, however, indicates some missing physical processes in the present transport model when considering the difference between high and low density plasmas. However, the same qualitative behavior was also found in earlier heat transport simulations with the E3D code [36] . Our simulations now demonstrate that this mismatch cannot be explained by the inclusion of self-consistent particle and momentum transport as well as recycling neutrals. To validate the code for the purpose target particle and heat load modeling we now perform a more detailed analysis.
Analysis of target particle and heat fluxes
For a direct comparison to experimental observations we investigate the more recent DIII-D discharge 132731, where we included the complete wall geometry in our simulations. Here we use transport coefficients of D ⊥ = 0.2 m 2 s −1 and χ ⊥,e = χ ⊥,i = 0.6 m 2 s −1 , slightly below the uppler limit estimated above. The input power is here set to P in = 6.3 MW which corresponds to the experimental value during the H-mode phase. Profiles of the arising target particle and heat fluxes at the inner strike point are shown in figure 11 . Both profiles are well alligned to the magnetic topology (black dashed lines). The modeled particle flux (blue) is compared to the observed D α emission (green) which is correlated to the experimental particle flux. Both profiles show a clear splitting in qualitative agreement. The slight shifts in the two outer peaks are probably due to error fields (e.g. misalignments of the field coils) which were neglected in our simulations. The peak particle flux of Γ 1 = 195 mA cm −2 is reduced to Γ 2 = 150 mA cm −2 at the first and Γ 3 = 90mA cm −2 at the second minimum. The outer peak is with Γ 4 = 155 mA cm −2 at 80 % of Γ 1 . A similar splitting is found for the modeled heat flux (figure 11.b) which remains after including the complete wall geometry. The experimental peak heat flux of q 1,exp = 3.2 MW m −2 drops to q 3,exp = 0.5 MW m −2 without any significant splitting. The modeled heat flux is with q 1 = 4.7 MW m −2 and q 2 = 5.3 MW m −2 much larger than the observed one. Even the ratio of the second miminum q 3 = 1.6 MW m −2 to q 1 is with 35 % significantly larger then the observed one of q 3,exp /q 1,exp = 16 %. The presence of a such a striation pattern in the modeled heaet flux indicates some missing physical processes in the present transport model. In particular kinetic corrections to the fluid model, which have recently been investigated at the TEXTOR tokamak [20] , might be necessary. In addition, the treatment of cross-field transport in our model needs to be advanced to include effects of an edge transport barrier in H-mode plasmas. Such corrections have been taken into account in other approaches [10] , there however without the full 3D magnetic topology, and are here left for future analysis.
Conclusions
Self-consistent calculations of particle, parallel momentum and energy transport in the edge plasma were performed, including recycling neutrals. We demonstrated that a certain low level of anomalous cross-field transport must not be exceeded in order to obtain pronounced striation pattern in target particle and heat fluxes. The modeled particle flux is found to be in qualitative agreement to experimental observations, the modeld heat flux, however, also shows a clear striation pattern in mismatch to the corresponding observations. This mismatch indicates the necessity to include kinetic corrections of the electron heat flux as well as an advancement of the cross-field transport model to include effects of an edge transport barrier in H-mode plasmas. In section 4 we demonstrated the strong 3D effects of RMPs on the plasma, in particular that the structure of helical magnetic lobes is very well reflected in the plasma parameters n e and T e . By means of a short magnetic flux tube we demonstrated that it is not sufficient to put a 1D transport model ontop of a 3D magnetic geometry but it is necessary to include the full 3D transport. The poloidal modulation found in the region of these flux tube is in qualitative agreement to observations and modeling at the TEXTOR tokamak.
